Abstract Present-day mass redistribution increases the total ocean mass and, on average, causes the ocean bottom to subside elastically. Therefore, barystatic sea level rise is larger than the resulting global mean geocentric sea level rise, observed by satellite altimetry and GPS-corrected tide gauges. We use realistic estimates of mass redistribution from ice mass loss and land water storage to quantify the resulting ocean bottom deformation and its effect on global and regional ocean volume change estimates. Over 1993-2014, the resulting globally averaged geocentric sea level change is 8% smaller than the barystatic contribution. Over the altimetry domain, the difference is about 5%, and due to this effect, barystatic sea level rise will be underestimated by more than 0.1 mm/yr over 1993-2014. Regional differences are often larger: up to 1 mm/yr over the Arctic Ocean and 0.4 mm/yr in the South Pacific. Ocean bottom deformation should be considered when regional sea level changes are observed in a geocentric reference frame.
Introduction
Next to steric and dynamic changes, redistribution of mass between land and ocean is one of the major components driving global and regional sea level change (Chambers et al., 2016; Stammer et al., 2013) . The redistribution causes distinct regional sea level change patterns, known as sea level fingerprints, which are caused by gravitational effects, changes in the Earth rotation parameters, and by deformation of the solid Earth (Clark & Lingle, 1977; Milne & Mitrovica, 1998) . A substantial part of the regional pattern is caused by vertical deformation of the solid Earth that affects both land and the ocean bottom (King et al., 2012; Riva et al., 2017) . Due to changes in the land ice mass balance and land hydrology, the oceans have gained mass over the past decades (Chambers et al., 2016) , which results in an increase of the total load on the ocean bottom. Under this increasing load, the ocean floor will subside due to elastic deformation. This subsidence will increase the ocean basin capacity, given a constant geocentric ocean surface. Note that this elastic deformation has to be considered in addition to the viscoelastic response to past ice ocean mass changes, known as Glacial Isostatic Adjustment (GIA), for which sea level reconstructions are routinely corrected (Tamisiea, 2011) . Ray et al. (2013) shows that the ocean bottom deformation caused by changes in ocean dynamics, atmospheric pressure, and land water storage (LWS) results in a substantial effect on the seasonal cycle in sea level derived from altimetry. However, in that study, ice mass changes, which have been the main cause of the ocean mass increase over the last two decades (Chambers et al., 2016) , were excluded. In this paper, we examine how elastic deformation due to present-day ice mass and LWS changes has affected the shape of the ocean bottom over the last two decades and whether this deformation does affect trends in regional and global sea level reconstructions from tide gauges and altimetry.
Sea level changes are generally expressed in two distinct reference frames: either relative to the local ocean floor (relative sea level change) or relative to the Earth's center of mass (geocentric or absolute sea level change). Global mean sea level (GMSL) changes due to mass redistribution are called barystatic changes. These barystatic changes are defined as the total volume change of the ocean, divided by the ocean surface area. With this definition, barystatic changes are equal to relative sea level changes, integrated over the whole ocean. However, because of the deformation of the ocean bottom due to the changing load, global mean geocentric sea level changes resulting from mass changes are not equal to the barystatic changes. Since the solid Earth deformation is not uniform over the oceans, the regional or basin mean difference between relative and geocentric sea level change may deviate from the global mean difference.
The emergence of satellite altimetry has given a near-global overview of sea level changes (Nerem et al., 2010) . However, because satellite altimetry observes sea level in a geocentric reference frame, global mean sea level estimates derived from altimetry will not observe the increase in ocean volume due to ocean bottom subsidence, and hence, they may underestimate GMSL rise. A correction associated with the elastic response to present-day mass redistribution is almost never applied (see Fenoglio-Marc et al., 2012; Kuo et al., 2008; Rietbroek et al., 2016 for exceptions), and altimetry-derived global mean sea level changes resulting from mass redistribution may thus differ from associated global ocean volume changes.
The launch of the Gravity Recovery And Climate Experiment (GRACE) satellite mission has allowed more detailed global and regional estimates of ocean mass changes and comparison with sea level changes (Chen et al., 2017; Kleinherenbrink et al., 2016; Leuliette & Willis, 2011) . GRACE observations show ocean mass changes and hence show relative rather than geocentric sea level changes (Kuo et al., 2008; Ray et al., 2013) , and the direct comparison between altimetry and GRACE will thus also introduce a bias when the effect of ocean bottom deformation is not corrected for.
On centennial timescales, sea level change estimates are mainly based on tide gauge data. As land-based instruments, they observe relative sea level. In the ideal case, when tide gauges sample the full ocean, they observe global ocean volume changes. In reality, tide gauges do not sample the whole ocean, and local vertical land motion (VLM) unrelated to large-scale sea level processes affects the observations, and therefore, correcting tide gauge records for VLM is desirable (Wöppelmann & Marcos, 2016) . Traditionally, only the GIA component of VLM was modeled and corrected for. More recently, GPS, altimetry, and Doppler orbitography and radiopositioning integrated by satellite observations have been used to correct tide gauge records for VLM (Ray et al., 2010; Wöppelmann & Marcos, 2016) . This correction brings tide gauges into a geocentric reference frame, and hence, the resulting global and regional sea level rise estimates may be biased due to ocean bottom deformation in the same way satellite-based estimates are.
In this paper, we study the difference in relative and geocentric sea level rise due to elastic deformation, given realistic estimates of present-day water mass redistribution to see to what extent the different observational techniques are affected. Based on recent estimates of mass changes related to ice, land water storage, and dam retention, we compute the resulting global mean and regional ocean bottom deformation. The impact on tide gauge-based sea level reconstructions is estimated by computing a synthetic "virtual station" sea level solution (Jevrejeva et al., 2006) .
Methods and Data
The spatially varying response of the geoid, the solid Earth, and relative sea level to present-day mass exchange is computed by solving the elastic sea level equation (Clark & Lingle, 1977) , which includes the Earth rotational feedback (Milne & Mitrovica, 1998 ). We solve the sea level equation using a pseudo-spectral method (Tamisiea et al., 2010) up to spherical harmonic degree 360 in the center of mass (CM) of the whole Earth system frame. The load Love numbers used to determine the geoid and solid Earth response are computed from the Preliminary Referenced Earth Model (Dziewonski & Anderson (1981) ). The resulting relative sea level change ( , , t) at longitude , latitude , and time t can then be expressed as follows:
G ( , , t) is the deformation of the geoid, R( , , t) is the change of the solid Earth height, and (t) is a global mean term, which is required to ensure mass conservation. Hence, regional variations in relative sea level are both caused by changes in the local geoid and solid Earth deformation. R( , , t) and G( , , t) evaluate to zero when integrated over the whole Earth. However, they do not necessarily evaluate to zero when integrated over the global ocean or over the altimetry domain (±66 ∘ S). Therefore, (t) is generally not equal to the total barystatic change.
Local geocentric sea level change ( , , t) only differs from local relative sea level change by the local solid Earth height change. Therefore, geocentric sea level change can be expressed as follows:
Since geoid variations have more power at longer wavelengths than solid Earth deformations, the spatial patterns of relative sea level changes (equation (1)) can substantially differ from those of geocentric changes (equation (2)).
We compute the sea level response to mass redistribution related to glaciers, the Greenland and Antarctic ice sheets, and LWS over the period 1993-2014. We use the mass redistribution data from Frederikse et al. (2017) , which provides estimates of the temporal and spatial distribution of the mass changes from the aforementioned processes, which we review here briefly. Glacier mass loss is based on a surface mass balance model (Marzeion et al., 2015) . The Greenland and Antarctic ice sheet contributions are based on an input-output approach, where the surface mass balance (SMB) contribution is based on RACMO2.3 (van den van Wessem et al., 2016) . The ice discharge is modeled as a constant acceleration departing from longterm equilibrium between SMB and discharge before 1993. The acceleration is 6.6 Gt/yr 2 for the Greenland ice sheet and 2.0 Gt/yr 2 for the Antarctic ice sheet. The total mass change is partitioned over each ice sheet by normalized GRACE mascon solutions (Watkins et al., 2015) . For LWS, we include groundwater depletion, based on modeled estimates from Wada et al. (2012) , and dam retention, based on the GRaND dam database (Lehner et al., 2011) , with reservoir filling and seepage rates from Chao et al. (2008) . For a more complete description of the data and the associated uncertainties, we refer to Frederikse et al. (2016 Frederikse et al. ( , 2017 .
The barystatic contribution associated with each process is depicted in Figure 1a . To assess the impact on regional estimates, we have separated the ocean in six regions, as depicted in Figure 1b , which also shows the domain covered by the TOPEX/Poseidon and Jason 1/2/3 altimeters, which is between ±66 ∘ S.
To estimate the impact of corrections for VLM on tide gauge-based reconstructions, we apply the virtual station method (Jevrejeva et al., 2006) on our synthetic sea level change field. First, we sample our synthetic sea level change field at the tide gauge locations from the revised local reference (RLR) database from the Permanent Service for Mean Sea Level (PSMSL; Holgate et al. (2013) ). To avoid the inclusion of locations where the record is incomplete or where the tide gauge station has been abandoned, we only use station locations for which more than 15 valid annual sea level observations between 1993 and 2014 are available, which results in 627 station locations. Each station location is linked to an ocean basin, as depicted in Figure 1b . Second, the sampled sea level time series are merged into a basin mean reconstruction using the virtual station method, in which the two closest stations in each basin are combined into a new virtual station located halfway both stations, until only one station is left per basin. The final remaining virtual station that results from this interpolation is used as a proxy for the full basin. A global mean is computed by averaging the basin reconstructions, weighted by the individual basin sizes. Since our synthetic data field does not contain data gaps or has issues related to unknown reference levels, we compute a simple arithmetic mean between the time series of the two merged stations to compute a new virtual station.
The Spatial Pattern of the Relative and Geocentric Sea Level Response
The rates of elastic ocean bottom deformation (expressed in the center of mass (CM) frame), relative sea level, and geocentric sea level changes due to the aforementioned mass redistribution processes are shown in Figure 2, together with the ocean mean rates. Due to the increase of the total ocean load, the ocean bottom on average elastically deforms by −0.13 mm/yr over 1993-2014 (Figure 2a ). This subsidence is in addition to the routinely considered effects of GIA, which cause a global mean ocean bottom deformation of about −0.15 to −0.4 mm/yr (Tamisiea, 2011) , as well as regional deformation patterns. Due to differences in the underlying physical processes, the elastic pattern considered here differs substantially from the GIA-related pattern (Mitrovica & Milne, 2002) . As a result of the fact that the rate of global mean ocean bottom deformation is negative, the ocean bottom on average subsides, and the global mean rate of geocentric sea level change is smaller than the global mean relative sea level change (i.e., global ocean volume change).
The rate of elastic subsidence shows distinct spatial features: an uplift signal is present close to the major melt sources around the Arctic Ocean, Alaska, and the West Antarctic ice sheet. A north-south gradient is visible in Figure 2a , with large parts of the Northern Hemisphere oceans showing uplift, while most of the Southern Hemisphere is affected by a subsidence rate above the global mean. This ocean bottom deformation signal determines a large part of the regional variability of the resulting relative sea level changes depicted in Figure 2b , especially close to the major ice melt sources, while the variations in geocentric sea level changes, for which the regional variability is only determined by geoid changes, show smaller spatial gradients (Figure 2c) . Therefore, the largest differences between relative and geocentric sea level can be found in high-latitude areas close to the major ice melt sources.
The observed north-south pattern in Figure 2a suggests that motion of the geocenter plays a role in the observed deformation. A substantial part of the surface mass redistribution is caused by mass loss from Greenland and the glacierized regions surrounding the Arctic Ocean. This surface mass is redistributed over the oceans, resulting in a net southward shift of the Earth center of mass in the center of figure frame. As a result, in the center of mass (CM) frame, the solid Earth shifts northward, which causes uplift in the north and subsidence in the south. We explore this shift by examining the resulting deformation from the three degree 1 spherical harmonics of the solid Earth deformation field, which is depicted in Figure 3a .
The figure shows that the solid Earth deformation related to geocenter motion explains a substantial part of the spatial signal at low frequencies. Due to this large signal, the near-field uplift resulting from mass loss at the West Antarctic ice sheet is barely visible in Figure 2a . The removal of the geocenter-related signal (Figure 3b ) reveals that the influence of Antarctic uplift reaches over large parts of the Southern Oceans. The signal related to geocenter motion also affects the relative sea level fingerprint, depicted in Figure 3c . Compared to Figure 2c , the impact of mass loss in West Antarctica becomes more visible. A substantial part of the uncertainties in reference frame realizations, which affect multiple geodetic observations, including satellite altimetry and GPS, is related to geocenter motion (Riddell et al., 2017; Santamaría-Gómez et al., 2017) . Since geocenter motion-related effects form a substantial contribution to the spatial patterns of sea level changes and bottom deformation, the observed spatial patterns from satellite altimetry and VLM-corrected tide gauges will be affected by this uncertainty.
Because ocean bottom deformation has a distinct regional pattern, its effect will vary between individual ocean basins. The resulting time series per basin, together with the linear trends, are shown in Figure 4 .
For most regions, the relative sea level trend exceeds the geocentric trend. The difference in the trend varies between 0.04 mm/yr in the North Pacific and 0.41 mm/yr in the South Pacific. However, for the North Atlantic and Arctic Oceans, both close to major sources of ice mass loss, the geocentric sea level trend exceeds the relative sea level trend. In the Arctic Ocean, the large regional uplift results in a negative rate of relative sea level rise, while geocentric sea level rise is still positive. Global ocean 
The Effect on Tide Gauge Reconstructions
Since tide gauge observations only sample the ocean at a limited number of locations, the difference between relative and geocentric sea level changes reconstructed from tide gauge records may diverge from the underlying basin mean or global mean difference. In this section, we estimate the size of this difference due to present-day mass redistribution in VLM-corrected tide gauge reconstructions. We reconstruct basin mean and global sea level changes due to present-day mass loss using the virtual station method. The synthetic relative and geocentric sea level fields, as depicted in Figure 2 , are sampled at 627 tide gauge locations, as described in section 2. We assume that the solid Earth deformation is observed at the same grid cell as the tide gauge location. In practice, the distance between the tide gauge and VLM observations often amounts to many kilometers, which may cause an additional bias, especially in areas where a large spatial gradient in the deformation field is present.
Results from the basin mean and global reconstruction are depicted as the dashed lines in Figure 4 . At regional scales, reconstructions of basin mean relative and geocentric sea level show distinct differences, which are generally similar in sign and magnitude to the differences computed from averaging the deformation field over the whole basin, as discussed in the previous section, although the uneven sampling of the tide gauge records over the basins results in differences with the basin mean values, especially in the South Atlantic, where the relative and geocentric sea level reconstructions both deviate substantially from the original values.
Averaged over the global ocean, the difference between the synthetic geocentric and relative sea level reconstructions is only 0.05 mm/yr, which is smaller than the difference in the underlying basin mean trends, which is 0.13 mm/yr. This small difference suggests the effect of present-day surface mass redistribution is small on global reconstructions based on tide gauge records that have been corrected for observed VLM. The reconstructed difference becomes larger when the high-latitude tide gauges are omitted ("Altimetry domain") but is still smaller than the difference in the underlying fields. It should be noted that both the global relative and geocentric sea level changes are underestimated by the tide gauge reconstructions, as also found by Thompson et al. (2016) , who note a 0.1 mm/yr underestimation when sea level is sampled at 15 tide gauges with long records, instead of the 627 tide gauge locations used in this study.
Discussion and Conclusions
We have quantified the effect of present-day mass loss on elastic ocean bottom deformation, which results in differences between global and basin mean relative and geocentric sea level changes. This difference affects a multitude of sea level observations. Over 1993-2014, global mean geocentric sea level has risen about 8% less than the barystatic equivalent. Hence, if globally covering satellite altimeters would observe sea level, due to present-day mass redistribution, the total volume increase would be underestimated by about 0.13 mm/yr. However, due to choices in the satellite orbits, the area covered by altimetry observations is generally limited, and the highest latitudes are often not observed. When GMSL is estimated from the range covered by the TOPEX/Poseidon and Jason altimeters, as depicted in Figure 1 , the underestimation of the total volume change becomes about 0.10 mm/yr or 6% of the barystatic contribution. Note that next to barystatic sea level rise, steric changes are present, and hence, total GMSL rise over 1993-2014, which is in the order of 3 mm/yr (Chambers et al., 2016; Chen et al., 2017) and is larger than the barystatic contribution alone. Because the elastic response of the Earth is reasonably well defined (Mitrovica et al., 2011) , the uncertainty of the correction is largely due to uncertainties in the mass redistribution.
The global mean ocean bottom deformation due to elastic deformation caused by present-day mass redistribution is still smaller than the ocean bottom deformation bias that results from the viscoelastic response to ice mass changes in the past (GIA), which is in the order of −0.15 to −0.4 mm/yr (Tamisiea, 2011) . Furthermore, the bias is still within the uncertainty range of altimetry-derived GMSL trends, which are in the order of 0.4 mm/yr (Chen et al., 2017) . Nevertheless, the effect is systematic and relatively easy to account for. In a future warming climate, the sea level rise induced by ice sheets will increase (e.g., Kopp et al., 2014) , and therefore, the magnitude of the bias due to elastic ocean bottom deformation will grow. When we assume no changes in the altimetry trend uncertainty, the bias becomes larger than the uncertainty when barystatic sea level rise reaches 6.5 mm/yr. Under high-end sea level rise scenarios, such barystatic contributions could be reached during the 21st century (DeConto & Pollard, 2016; Jevrejeva et al., 2016) .
Ocean bottom deformation varies spatially, and on regional and basin mean scales, the resulting difference between geocentric and relative sea level can deviate substantially. The largest differences can be found in the Arctic Ocean: due to the location close to many melt sources, the relative sea level in the Arctic drops, while geocentric sea level rises, resulting in a 1.3 mm/yr difference between both metrics. Outside the Arctic Ocean, basin mean differences up to 0.4 mm/yr or 23% of the regional relative sea level changes occur. Although the spatial patterns show substantially less variability compared to the patterns related to ocean dynamic changes, the differences between geocentric and relative sea level are in the same range as uncertainties in basin mean sea level estimates from altimetry, which are on the submillimeter level in many basins Purkey et al., 2014) .
In reconstructions in which no direct VLM observations or satellite altimetry are used (e.g., Hay et al., 2015; Jevrejeva et al., 2006) , the effects of ocean bottom deformation will not affect the reconstructions, although the sampling of the spatially varying sea level field by the limited number of tide gauges may result in a bias (Thompson et al., 2016) . Recently, VLM-corrected tide gauge observations have been used to reconstruct regional and global mean sea level changes Wöppelmann et al., 2014) . Tide gauge reconstructions observe geocentric sea level changes when the records are corrected for VLM. Therefore, bottom deformation could affect these reconstructions as well. Using the virtual station technique using all locations of the PSMSL RLR database with 70% data availability over the altimetry area, we only find a small difference between reconstructed global mean geocentric and relative sea level. We do find that the reconstruction of global mean relative sea level underestimates the underlying basin mean value, which was also noticed by Thompson et al. (2016) . Leaving the Arctic Ocean out of the tide gauge reconstructions results in a larger difference between geocentric and relative sea level changes, although the aforementioned bias with the underlying basin mean sea level changes is still present. On regional scales, we find similar differences between relative and geocentric sea level changes for the synthetic tide gauge reconstruction as for the averaged fields, although in some basins, especially in the South Atlantic Ocean, the sparse sampling results in differences with the underlying fields. The differences between relative and geocentric sea level in global and regional tide gauge reconstructions are not independent from the station selection and reconstruction method, and the aforementioned values cannot be blindly used to quantify the effect of bottom deformation in a specific reconstruction. For example, the global reconstruction from Church and White (2011) uses spatial sea level change patterns estimated from altimetry, which are also affected by ocean bottom deformation, although in a different way than mentioned here.
Since the differences between relative and geocentric sea level change are caused by deformation of the solid Earth, they should be observable in VLM estimates at coastal locations. However, the uncertainties of individual VLM observations and 20 year linear trends in tide gauge observations are still generally larger than the rates considered here (Dangendorf et al., 2014; Hughes & Williams, 2010; Wöppelmann & Marcos, 2016) . On regional scales, when multiple independent observations can be combined, analyses do suggest that ocean bottom deformation resulting from present-day mass loss can be observed in GPS and tide gauge records (Galassi & Spada, 2017; Pfeffer et al., 2017) .
Since barystatic sea level rise shows an acceleration over the last two decades (Chen et al., 2017) , altimetry and VLM-corrected tide gauge observations also underestimate the global mean sea level acceleration. The mass contribution to sea level rise is expected to increase further in a warming climate, and hence, this bias will also increase toward levels that possibly exceed the margins of uncertainty at individual tide gauge locations.
To increase the accuracy of sea level estimates, the effect of ocean bottom deformation should be taken into account, either based on modeled estimates of ocean mass change, as was done in this study, or using more direct observations. For example, the GRACE mission allows direct estimates of global mass redistribution, from which ocean bottom deformation can be computed (Ray et al., 2013) , although with uncertainty associated with models of glacial isostatic adjustment (King et al., 2012) . The large regional differences require caution when tide gauge and altimetry observations are compared on a regional scale or when regional volume changes are estimated from observations in a geocentric reference frame. Yoshihide Wada for sharing the models that have been used to estimate mass redistribution. All pictures have been produced using the Generic Mapping Tools. The deformation data are available from the corresponding author upon request. 
